To study mechanisms which could be involved in the reverse dose rate effect observed during mutation induction after exposure to high LET radiation, synchronized mouse L5178Y cells were exposed to carbon 290 MeV/n beams with different LET values at the G2/M, G1, G1/S or S phases in the cell cycle. The frequency of Hprt-deficient (6-thioguanine-resistant) mutant induction was subsequently determined. The results showed that after exposure to high LET value radiation (50.8 and 76.5 keV/μm), maximum mutation frequencies were seen at the G2/M phase, but after exposure to lower LET radiation (13.3 keV/μm), the highest mutation frequencies were observed at the G1 phase. The higher LET beam always produced higher mutation frequencies in the G2/M phase than in the G1 phase, regardless of radiation dose. These results suggest that cells in the G2/M phase is hyper-sensitive for mutation induction from high LET radiation, but not to mutation induction from low LET radiation. Molecular analysis of mutation spectra showed that large deletions (which could include almost entire exons) of the mouse Hprt gene were most efficiently induced in G2/M cells irradiated with high LET radiation. These entire exon deletions were not as frequent in cells exposed to lower LET radiation. This suggests that inappropriate recombination repair might have occurred in response to condensed damage in condensed chromatin in the G2/M phase. In addition, by using a hyper-sensitive mutation detection system (GM06318-10 cells), a reverse dose-rate effect was clearly observed after exposure to carbon beams with higher LET values (66 keV/μm), but not after exposure to beams with lower LET values (13.3 keV/μm). Thus, G2/M sensitivity towards mutation induction, and the dependence on radiation LET values could both be major factors involved in the reverse dose rate effect produced by high LET radiation.
INTRODUCTION
High LET radiation can sometimes produce a unique biological effect termed the reverse (reversed) dose-rate effect. This phenomenon was first reported by Hill et al. (1978) for neoplastic transformation by fission-spectrum neutrons, 1) and similar phenomena have been reported for somatic mutations induced by 252 Cf fission neutrons in exponentially growing mouse cells. 2) This effect refers to the observation that the mutation rate can increase with a decreasing dose rate under some conditions. Although almost a quarter of a century has passed since these publications, details of the mechanism responsible for this phenomenon are still unclear, in spite of a substantial amount attention devoted to this subject. [3] [4] [5] [6] There have been previous reports examining the cell cycle dependence of mutation induction caused by different types of radiation with different linear energy transfer values (LETs). Tauchi et al. (1993) reported on differences observed in the cell cycle dependence of induced mutations at the Hprt locus after exposure to neutron and gamma radiation. It was observed that the G2/M stage is distinctively sensitive to mutation induction by 252 Cf neutrons, but not to mutations induced by 60 Co gamma-rays. 7) In addition, it was found that long term exposures and low dose rate exposures to radiation resulted in an accumulation of G2/M cells in the cell population, and that the accumulated G2/M population was hyper-sensitive to mutation induction by fission neutrons. 6) Thus it is obvious that different radiation qualities can potentially cause specific phenomena such as the reverse dose rate effect, although it is still unclear which radiation particle type and what radiation LET value is the major parameter involved in the reverse dose-rate effect.
Because heavy ion beams show a higher relative biological effectiveness (RBE) for cell killing, 8) several cancer radiotherapy facilities capable of using heavy ions have been constructed over the past decade and are now in use for clinical applications. A clinical radiation source for cancer radiotherapy was established at the National Institute of Radiological Sciences in Chiba, Japan 9) and the use of heavy ions for cancer radiotherapy at this institute is expected to increase in the future. Heavy ion radiation has advantages in radiotherapy 10) and also in biological experiments because the LET value of the radiation can be changed or modified using a single particle beam due to the nature of it's Bragg peak. 10) Another issue of concern with heavy ions is exposure of astronauts to space radiation, because astronauts are exposed to space ion particles at low dose rates during the time they are working in space. 11) Because fission neutrons are a high LET radiation and produce a reverse dose-rate effect when delivered to cells at a low dose rate of 0.16 cGy/min or less, 2) it is important to know whether or not heavy ion beams can also produce a reverse dose rate effect. Because of the limited experimental time available at the ion accelerator, the effect of LET values and the cell cycle dependence of biological effects after heavy ion beam irradiation were investigated first in order to determine whether there was an effect similar to fission neutrons. Then, using a previously established hyper-sensitive mutation detection system, 12) experiments were designed to see whether the reverse dose-rate effect could be observed for specific LET values and carbon ion beams. Observations obtained from the present study has provided new information which should be helpful in defining the mechanism involved in the reverse dose-rate effect produced by high LET radiation.
MATERIALS AND METHODS

Cells and culture conditions
Mouse leukemia L5178Y cells were grown in Fischer's medium (GIBCO) supplemented with 10% horse serum (GIBCO), 100 units/ml penicillin and 100 μg/ml streptomycin at 37°C. The population doubling time was 7.3 hours. To keep the background mutation frequency uniform in nontreated control cells, a relatively small number of cells (about 1000) were expanded into a large population which was then collected, distributed into ampules (more than 5 × 10 6 cells/ampule) and stored in liquid nitrogen. One ampule was thawed and used to generate each set of synchronized experimental cells.
A cell line which is hyper-sensitive towards mutation induction, GM06318-10 cells, was established by subcloning a hamster cell line which carries a human Xchromosome. 12) Cells were cultured in D-MEM (Invitrogen) supplemented with 7% fetal bovine serum and 25 μg/ml gentamycin sulphate.
Cell cycle synchronization of L5178Y cells
Cell cycle synchronization of L5178Y cells was performed as previously reported 7) using excess thymidine and colcemid. Results after [ 3 H]thymidine pulse labeling experiments and flow cytometry analysis showed that cells at specific times after release from colcemid were predominently G2/M at 0 h, G1 at 1 h, G1/S at 2 h and mid-S at 4-5 h, as reported previously. 7, 13) Synchronized cells at 0, 1, 2 and 4 h after release from the colcemid block were chilled, collected, and stored in liquid nitrogen (more than 7 × 10 6 cells/ampoule). The synchronized cell population used for each experiment was generated from an independent ampoule.
Dosimetry and irradiation
Irradiation was performed at the National Institute of Radiological Sciences, Chiba, Japan, using the HIMAC (Heavy Ion Medical Accelerator, Chiba) apparatus. Dosimetry and beam quantification were performed as described elsewhere. 9, 14, 15) The carbon 290 MeV/n ion beam was used as an irradiation source, and the LET was adjusted by changing the binary filter thickness (thicknesses ranged from 0-143.85 mm water equivalent). The LET values used in the present study were 13.3 keV/μm, 50.8 keV/μm, 66.0 keV/μm, and 76.5 keV/μm.
For the cell cycle experiments, one set of synchronized cells were thawed, and washed with fresh cold medium just before irradiation. More than 2 × 10 6 cells (in 1.5 ml of chilled medium) were sealed in a specially designed plastic flask (interior dimensions: 35 mm wide, 55 mm high, 1 mm thick). The cells were then exposed to a carbon beam at room temperature with a dose-rate of 1-2 Gy/min. Irradiation doses were 1.2 Gy for 13.3 keV/μm and 1.0 Gy for another two LET values (50.8 and 76.5 keV/μm). Cell cycle progress was not a factor because the total irradiation time was 30 min or less.
For dose rate experiments, GM06318-10 cells were allowed to attach to a 25 cm 2 culture flask surface (NUNC), and the flasks were then sealed. The GM06318-10 cells were irradiated with the same protocol used for the L5178Y cell experiments. In this case, the radiation dose was monitored by using a small scintillation detector positioned in the same irradiation area. The LET values of the irradiating beams in these experiments were 13.3 keV/μm and 66.0 keV/μm due to a different irradiation apparatus designed specifically for exposing monolayer cultures at 37°C . Irradiations with 60 Co gamma-rays or 252 Cf fission neutrons were performed as described previously.
6,7)
Measurement of mutation frequencies
Mutation frequencies were measured as described elsewhere 6, 7, 12) with one modification. The surviving fraction was assessed at 6-8 hours after irradiation because of the length of the time required for transportation. Therefore, these values were slightly higher than those reported for cells which were plated immediately, although the differences were not statistically significant as described previously. 6) To select hypoxanthine phosphoribosyltransferase (Hprt) deficient mutants after an expression period, cells were seeded in medium containing 6-thioguanine (6-TG) at a final concentration of 5 μg/ml. The mutation frequency (MF) was calculated as: MF = (Number of 6-TG-resistant colonies)/ (Number of cells plated in 6-TG medium × cloning efficiency) Results are expressed as 'induced mutation frequency' which denotes the difference in the mutation frequency between the exposed and non-exposed groups; the latter varied from 1.1 to 1.9 per 10 5 clonogenic L5178Y cell, and the rate was 8-35 per 10 5 clonogenic GM06318-10 cells throughout these experiments. Experiments were repeated independently at least three times under the same irradiation conditions.
Analysis of mutations in the mouse Hprt locus
To analyze independent mutant clones, irradiated cells were divided into several cultures before starting an incubation for the expression period. Only one 6-TG-resistant clone was picked from each selection plate, and these selection plates were formed from one divided culture. Genomic DNA was prepared from the mutants, and the mutation spectrum at exons 2-9 of the mouse Hprt gene was analyzed with multiplex PCR using Ex Taq DNA polymerase (TaKaRa), which was modified for the mouse Hprt gene. The primer sets used were: exon 2 (617 bp), mex2pF2, 5'-TTTTTCTTTTTCTCTTTGTG-3' and mex2pR2, 5'-CAGC-CTAGCCAAATCAGTAT-3'; exon 3 (722 bp), mex3pF, 5'-GAATGTGTCCTGTAAAAGTT-3' and mex3pR, 5'-GAG-GATAGTGTGAGCAAGTT-3'; exon 4 (847 bp), mex4pF2, 5'-CACTCTCCTTGAACCTCTGT-3' and mex4pR2, 5'-TAT-ATTCTGCTGTCATTTGG-3'; exon 5 (290 bp), mex5pF2, 5'-TGGTTCAAGTTTTTCAGTTT-3' and mex5pR, 5'-CTG-GCTTCTCTTAGGGTTAG-3'; exon 6 (523 bp), mex6pF, 5'-TTACTTAGAGCCAGATAGGT-3' and mex6pR, 5'-GTTTAGCATCTGAGGTAGTT-3'; exon 7 plus 8 (1037 bp), mex7/8pF, 5'-TAGTTAGGATTCTGCTCTCA-3' and For amplification of exons 3, 5, and 6, a reaction mixture containing multiple primer sets: 3 μM mex3pF, 3 μM mex3pR, 0.5 μM mex5pF2, 0.5 μM mex5pR, 2 μM mex6pF, and 2 μM mex6pR was prepared, and the PCR cycle reaction was then performed with an annealing temperature of 50°C. For amplification of exons 2, 4, 7 plus 8, and 9, a reaction mixture containing multiple primer sets: 6 μM mex2pF2, 6 μM mex2pR2, 1.2 μM mex4pF2, 1.2 μM mex4pR2, 1.2 μM mex7/8pF, 1.2 μM mex7/8pR, 1.2 μM mex9pF2, and 1.2 μM mex9pR2 was prepared, and the PCR cycle reaction was then performed with an annealing temperature Fig. 4 . Somatic mutation analysis using a hyper-sensitive detection system. Panels A and B show induced mutation frequencies after exposure to 60 Co gamma-rays (1.0 Gy/min): (A) GM06318-10 cells show a significant increase in gamma-ray induced mutation frequencies when compared to mouse L5178Y cells; (B) Time course of induced mutation frequency in GM06318-10 cells after irradiation ( 60 Co gamma-rays, 4 Gy). Based on this result, 6-thioguanine selection was started at day 9 post-irradiation in all experiments. Panels C and D show cell survival after exposure to beams with different LET values: (C) survival and (D) induced mutation frequency after exposure to carbon beams (290 MeV/n) with different LET values. Exponentially growing populations were exposed to various doses from carbon beams with LET values of 13.3 keV/μm or 76.5 keV/μm at dose rate of 0.1 Gy/min for 0.1 Gy, 0.3 Gy/min for 0.3-1.0 Gy, and of 1.0 Gy/min for 1.5-2.0 Gy. Cells showed an apparent (statistically significant) increase of mutation frequency even when the cells were irradiated with only 0.1 Gy from a carbon beam. Plots represent average ± SD from at least three independent experiments. Spontaneous mutation frequency in GM06318-10 cells was (2.67 ± 0.56) × 10 -4 .
of 51°C. The PCR products were separated by electrophoresis on a 1.8% agarose gel (Fig. 1 ). The quality of the extracted DNA was monitored with PCR for mouse Aprt exon 3 (195 bp) using the primer set mApex3pF 5'-CCCACAAC-CTTCCCTCCTTA-3' and mApex3pR 5'-CCCTGCCCT-TCCTCTACACA-3' with an annealing temperature of 60°C.
RESULTS
The freezing and thawing cycle which occurred after cell cycle synchronization did not affect the results for radiationinduced cell killing and mutation, although the plating efficiency was 10-20% lower than that of non-frozen cells (Data not shown). Figure 2A shows the variation of the surviving fraction through the cell cycle after an exposure of 1.0 or 1.2 Gy delivered from a carbon 290 MeV/n beam. The same synchronized cell populations were irradiated with carbon ion beams with different LET values in a single experiment, and doses were chosen which gave similar surviving fractions in exponentially growing cells. As has been previously shown, 7, 13) cells in the G2/M phase and at the G1-S boundary were sensitive to killing by radiation. The variation through the cell cycle was slightly less for a high LET beam (76.5 keV/μm) than for a low LET beam (13.3 keV/μm). This observation is in agreement with previously reported results for gamma and neutron irradiation.
7)
The variation of the induced mutation frequency over the cell cycle is shown in Fig. 2B . Notable differences in mutation induction rates with different LET values were observed at the G2/M phase (0 hr after release from the colcemid block). The mutation frequency at the G2/M phase rose dramatically when the cells were irradiated with higher LET beams (76.5 keV/μm), or in other words, G2/ M cells were hyper-sensitive to mutations induction by the higher LET (76.5 keV/μm) beam, but not by the lower LET (13.3 keV/μm) beam. The mutation frequency at the G2/M phase for the medium-high LET (50.8 keV/μm) beam was an intermediate value, and this provides support for the idea that cellular sensitivity towards mutation induction increases as the radiation LET value increases. High and medium-high LET radiation produced similar results with regard to the cell cycle dependence of mutation induction, namely, a higher mutation frequency at the G2/M phase than at the G1 phase. In contrast to results for the higher LET values, the maximum mutation frequency was observed at the G1 phase for the lower LET beam (13.3 keV/μm). In order to confirm that the hyper-sensitivity of G2/M cells to higher LET beams was not a dose specific phenomenon, the dose response for mutation induction at the G2/M or at the G1 phases after exposure to carbon beams with two different LET values were tested. As shown in Fig. 3 , the mutation frequencies at the G2/ M phase produced by the higher LET beam (76.5 keV/μm) were higher than that at G1 phase over the entire dose range examined. However, mutation frequencies in G2/M cells after exposure to lower LET beams were not higher than that at the G1 phase. These results suggest that the cells at the G2/M phase are hyper-sensitive to mutation induction only from higher LET (> 50 keV/μm) radiation, and not to mutation induction from low LET radiation. Table 1 shows a summary of the molecular analysis at the Hprt locus in 6-TG resistant mutants induced by carbon beams delivered at various positions in the cell cycle with various LET values. The fraction of total deletions was significantly higher when cells were exposed to high (76.5 keV/μm) or medium-high LET (50.8 keV/μm) carbon beams. This suggests that exposing G2/M cells to higher LET (50 keV/μm) radiation resulted in large deletions of genomic DNA at the Hprt locus. A similar tendency was also observed when comparing mutants induced at the G2/M Fig. 5 . A reverse dose-rate effect for mutation induction was observed when cells were exposed to high LET (66 keV/μm) carbon beams (290 MeV/n), but not when exposed to low LET (13/3 keV/μm) beams. Exponentially growing GM06318-10 cells were irradiated with 0.1 Gy from a carbon beam at various dose rates. The cells were kept at 37°C during irradiation in order to permit cell cycle progression. Cell survival (A) and the frequency of 6-thioguanine resistant induction (B) are shown. Columns and bars represent average and SD respectively, which were obtained from at least three independent experiments. phase by 252 Cf neutrons or 60 Co gamma-rays (Table 1) . To design experiments which could be carried out under the limited continuous exposure time available on the HIMAC, a hyper-sensitive mutation detection system was established using a hamster cell line carrying a human X chromosome (Fig. 4, ref. 12 ). These cells are 50-fold more sensitive to the induction of Hprt-deficient mutations (Fig.  4A ), and this makes it possible to detect a significant elevation of the mutation frequency at doses as low as 0.1 Gy from a carbon beam (Fig. 4D) . Using this sensitive system, the question of whether a reverse dose rate effect can be observed with a low dose rate was examined. As expected, an apparent elevation of the mutation frequency was observed when cells were exposed to 0.1 Gy from the higher LET beam (66 keV/μm) with a dose rate below 0.11 cGy/min, but not from beams with a lower LET value (13.3 keV/μm) (Fig.  5 ). This observation indicates that the major parameter involved in the reverse dose-rate effect for somatic mutation induction is the radiation LET value, and not the specific identity of the radiation particle.
DISCUSSION
It was previously reported that G2/M cells were hypersensitive to mutation induction by 252 Cf neutrons, but not by 60
Co gamma-rays. 7) Since the average LET value of 252 Cf neutrons is around 80-100 keV/μm, and that of 60 Co gamma-rays is less than 1 keV/μm, 16) these earlier observations are in agreement with the present results: i.e. high LET radiation around 50-80 keV/μm leads to a higher frequency of mutation induction in cells at the G2/M phase, whereas low LET radiation does not. These observations suggest that the different sensitivities observed for mutation induction at the G2/M phase between gamma-rays and neutrons result from the difference of the LET values of the two types of radiation, and not from the nature of the different types of radiation. In contrast, cells between the G1 and S phases showed a similar mutation induction frequency after exposure to radiation, even when the LET value was changed. As a consequence, the difference in the sensitivity of mutation induction between the G2/M phase and the other cell cycle phases, depends on the LET value of the radiation used, and results in a significant change of mutation frequency in a cell population when radiation is delivered at a low dose rate.
In this study, the reverse dose-rate effect was observed by using the cell line GM06318-10 which is hyper-sensitive for mutations. Although the cell line permitted the detecton of a significant elevation in mutation frequencies at doses as low as 0.1 Gy, preliminary analysis of 6-TG resistant mutants showed that about 15-20% of the spontaneously induced mutants were generated by the loss of the entire human X-chromosome. This significant frequency of whole chromosome loss suggests the existence of an increased instability of the human X-chromosome in hamster cells, and also suggests a limitation on its use in the molecular analysis of mutated human genes. However, even though some limits exist, the system should be still useful for low dose or low dose rate studies because it shows a more than 50-fold sensitivity when compared to any other experimental system using an endogenous Hprt gene.
It has been reported that deletion type mutations at Hprt loci increase when those mutations were induced by ionizing radiation. 17, 18) In addition, a high frequency of Hprt gene deletions can be observed in cells irradiated with heavy ion beams. [18] [19] [20] The mechanisms which are responsible for the differences in the cell cycle dependence of mutation induction after exposure to low and high LET radiation remains to be clarified. In the present study, higher LET particle exposure at the G2/M phase efficiently induced large deletion-type mutations including deletions of entire Hprt exons (Table 1 ). This suggests that incorrect or improper recombination repair might occur during the G2/M phase and is a specific response to the highly condensed damage caused by higher LET radiation. It was reported that homologous recombination repair becomes dominant in cells at the late S to G2 phases. 21) Proper homologous recombination should enable cells to repair DNA damage completely. However, improper recombination repair can result in large genetic changes at the chromosomal level, such as translocations and inversions. High LET radiation generates locally clustered damage and the damage could be difficult to repair, especially if it occurs on condensed DNA during the G2/M phase. A possible way to repair clustered damage on condensed DNA is by removing the damaged region using some type of recombination, and this might produce an increase in the amount of large deletion type mutations. This possibility is supported by the observation of a significant increase in homologous recombination in cells exposed to higher LET B-ion beams (80 keV/μm), whereas only a slight increase in homologous recombination was observed for lower LET Bion beams (40 keV/μm). 22) Because high LET radiation was reported to induce a higher frequency of both chromatid and isochromatid breaks, 23) this finding also suggests the possibility of the generation of large deletion-type mutations by higher LET radiation at the G2/M phase.
Published reports and the observations described here suggest that high LET radiation may efficiently produce a large deletion type damage on condensed chromatin during the G2/M phase without affecting cell viability, possibly through inaccurate homologous recombination.
Thus, locally clustered damage in condensed DNA at the G2/M phase produced by high LET radiation, and the resulting inaccurate recombination repair which has only a slight effect on cell survival, could be an important factor in explaining the reverse dose rate effect for mutation induction which is observed in exponentially growing cell populations. These findings could provide new and important insights towards understanding the mechanisms involved in mutation
